General formulas for the far-field spectral distribution of photons Thomson scattered by a single electron have been obtained. Effects due to the pulsed nature of the laser beam are explicitly allowed, simultaneously with intensity high enough that harmonic generation is possible. For realistic pulsed photon beams, the spectrum of backscattered radiation is considerably broadened because of changes in the longitudinal velocity of the electrons during the pulse. Such ponderomotive broadening is especially pronounced at higher harmonics, eventually leading to a continuous emission spectrum.
cos are the radiation distribution angular patterns at high and small observation angle , for the standard ; polarizations. In these expressions and are the usual spherical coordinates with the z axis aligned along the electron longitudinal motion and the x axis aligned with the bend direction. For magnetic fields such that the local value of the field strength parameter K eBz=2mc 2 is much less than one, these distributions may be more generally written as where e is the fundamental charge, is the scale length for changes in the magnetic field, m is the particle mass, ! 2, and nowB Bk indicates the space Fourier transform of the magnetic field.
In a Thomson backscattering arrangement, i.e., when an electron beam collides with a laser beam head-on, there are equivalent expressions for the scattered energy distribution that apply at low field strengths [8] , including the fact that the laser beam is pulsed:
It is the purpose of the present Letter to point out that a generalization of these results to high-field strengths can be achieved. As the magnetic field strength parameter increases in an insertion device, three basic changes occur in the electron orbit [9] . First, the average longitudinal velocity decreases to 1 ÿ 1 K 2 =2=2 2 . Because of the reduced longitudinal velocity, the frequency spectrum is shifted down in frequency by the 1 K 2 =2 factor. Second, a longitudinal velocity modulation arises at twice the frequency of the transverse motion and yields a figure 8 orbit in the rest frame of the electron. The acceleration in z generates its own dipole emission. Third, as K approaches one, the motion becomes relativistic and it is no longer valid to neglect retardation-driven phase delays in evaluating the emitted radiation. When the phase delays are included, one observes that harmonics of the fundamental emission frequency are generated.
One expects similar behavior from the emission generated by an intense laser pulse. The HamiltonJacobi equation is solved for the classical electron motion under the correct boundary conditions [6] , assuming the linearly polarized incident laser pulse is described by a single transverse component of the vector potential A x z ct. The exact solution for the electron motion, in the lab frame, with boundary conditionsx xt ! ÿ1 0; 0; z ct and _x x x xt ! ÿ1 0; 0; z c is
When a change of variables is made from time to the independent variable in the expression for the radiation produced by this electron motion [10] , an exact analytical expression for the scattered intensity may be obtained:
where
The only approximation in these expressions is the ''farfield'' approximation, i.e., that one observes at a distance large compared to the source size. Physically, the Ds give the effective frequency content generated by the electron velocity in both the x direction and the z direction, respectively, including the finite laser pulse effects that are implicit in a finitely extended A x . In the weak-field limit D z D x , and D x is precisely the Fourier transform of the electron velocity in the x direction, properly Doppler shifted as above. Given A x , it is straightforward to integrate these expressions to obtain the proper energy spectrum.
To make contact with standard results from undulators, it is worthwhile to consider the case A x A 0 cos2= 0 ÿ ÿ N 0 , where x is the usual unit step function, yielding a hard-edge laser pulse with constant amplitude for N wavelengths. Defining the field strength parameter a eA 0 =mc 2 , the lab-frame wave number k 0 2= 0 , and following the prescription of Alferov, Bashmakov, and Bessonov [11] for expressing the harmonic amplitudes in terms of Bessel Function sums, one obtains the following expressions for the energy content into each harmonic of the fundamental n,
where 2c= 0 is the maximum frequency emitted, in the forward direction with ! 0. One observes the standard result from undulator theory [9] , that emission is peaked at odd harmonics of the scaled frequency. By examining the first harmonic peaks in detail, one observes the expected frequency shift to longer wavelengths by the factor 1 a 2 =2 as the field strength is increased. Note, however, that, when the strength is constant in z, the relative width of the spectrum at each peak is the same at the two field strengths. In particular, the relative widths are narrower than the frequency shift entailed by going from a 0:01 to a 0:5. The accuracy of the numerical method was evaluated by comparing its results to the analytical results in Eqs. (3). The differences are at the 10 ÿ15 level in D x ; there is no significant difference between a million point Simpson integration and Eqs. (3) .
Much more interesting is the result when a Gaussian laser pulse is considered. Figure 2 gives two spectra, calculated with x A peak expÿ 2 =28:156 0 2 , where a peak 0:0117 and a peak 0:587. The specific values were chosen so that the number of photons per pulse (per unit area) and the rms duration of the pulses are the same as in Fig. 1 . At low field strength, the main peaks in the spectrum are very similar to those in Fig. 1 , with the satellite peaks from the interference from the sharpedge pulse being eliminated with a Gaussian starting pulse. Even so, the high-field strength case shows that the more realistic and smoother starting pulse yields very much weaker and broader spectra than before, a phenomenon that might be called ''ponderomotive broadening.''As the laser pulse travels by, the electron is first slowed, and then sped up by the ponderomotive effect from the laser pulse. These velocity shifts lead to frequency shifts in the emitted radiation, increasing the width of the observed spectrum. Because the electron spends a larger fraction of time in the ''high-field'' portion of the laser pulse, it will radiate most at the maximum red shift. Also note that the relative frequency shift is the same for each harmonic. This means that, at high enough harmonic number, the peaks must begin to overlap.
The broadening effect has direct relevance in a recent experiment [12] . In Fig. 3 , effective motion spectra are shown for three values of a peak , for the laser conditions obtained from the reference. Because the scattering electrons were stationary in the lab frame in this experiment, 1, and the harmonic frequency scale is set by the incident laser frequency without a Doppler shift. In the calculation the longitudinal for the intensity was approximately ten laser oscillations (26 fs for a Ti:Sa laser pulse). For a peak at the smallest value, individual harmonic lines are observed. For the middle value, just under 2, the spectrum is continuous except for a dip just above the first harmonic line. For the highest a peak value, as in the experiment, the spectrum becomes continuous and in fact, high harmonics are generated with substantial strength. As is obvious from the frequency scaling of the results [10] , the frequencies of the harmonics are much greater than the corresponding synchrotron radiation critical frequency, even for the highest field strength case. Unfortunately, ponderomotive broadening can be ignored only if the field strength is low enough, that is if a 2 =2 !=!, or if the pulse is very flat throughout the 1000 periods. At the other extreme, compressing optical pulses to obtain higher a in a shorter pulse length may not substantially increase the energy spectral density of the emission because the ponderomotive detuning increases quickly with a 2 . In this Letter, we presented some results from a general theory for calculating the energy spectral distributions, at arbitrary observation angles, of the photons generated in Thomson backscattering events. The theory is more general than previous theories in that finite laser pulse length is allowed simultaneously with high effective field strength [13] . The theory makes contact with, and can encompass, previously known results on spectra generated by high-field strength magnetic insertion devices. It shows that a previously unnoted phenomenon, ponderomotive broadening, can lead to reduced energy spectral density in some situations.
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FIG. 3 (color online)
. Thomson forward scatter spectrum from a recent experiment. The lowest field strength case has individual harmonic peaks as in Fig. 2 . The higher field spectra oscillate, are not harmonic, and scale as the synchrotron radiation spectrum above critical frequency. Flat regions are at the noise floor of the numerical calculations.
FIG. 2 (color online)
. Effective motion spectra for a Gaussian laser pulse. The spectrum is broadened at high field strength due to ponderomotive effects, which change the electron longitudinal velocity. The dips within the spectral peaks are not numerical. They are due to destructive interference of the induced emission from various longitudinal locations within the laser pulse.
